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ABSTRACT 
Delivery of lipophilic bioactives such as lutein and vitamin D into food 
products is challenging due to their poor water solubility. In recent years, the use 
of nanoencapsulation to deliver similar fat soluble bioactives has gained more 
attention. It is important to find a suitable, easy and cost efficient delivery system 
to deliver different types of bioactive into different foods.  
In this research, a pH and ultrasound treated soy protein isolate was used as 
emulsifier to create nanoemulsions with lutein. Two types of nanoemulsions 
were successfully created with 10 mg/ml soy protein and 0.054 mg/ml lutein. 
One contained 0.25% oil and was homogenized with ultrasound (SEO); and the 
other contained 0.027% oil and the lutein oil was first dissolved in ethanol and 
then stirred with soy protein (SEE). The nanoemulsions were also freeze dried, 
and the characteristics such as UV stability, in vitro bioaccessibility of both 
original and freeze-dried and resuspended nanoemulsions (SEOF and SEEF) 
were studied.  
Particle size in soy nanoemulsions ranged from 99-127 nm. Lutein in both 
SEO and SEE formulations showed improved UV stability. After 3 hours of UV 
exposure, SEE had 67% retention of lutein, and SEO had 52%, both of which 
were higher than controls with no surfactant (i.e., 5%). Dried and resuspended 
formulations, SEOF and SEEF, performed similar to non-dried formulas, however 
were less stable against UV exposure than their parent non-dried counterparts. 
Lutein bioaccessibility was not increased in either SEO or SEE nanoemulsions; 
which ranged between 30% and 40% compared to controls (i.e., 40% to 50%). In 
contrast to the oil containing freeze-dried soy protein formulation, the 
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formulation with lesser oil, SEEF, had a micellar lutein recovery as high as 79%. 
Overall, nanoemulsions created with pH and ultrasound treated soy protein 
isolate can be a potential good delivery system for lutein and other bioactives, 
although more studies are needed to determine their in vitro behavior and 
characteristics after freeze drying. 
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CHAPTER 1 
INTRODUCTION 
The application of nanotechnology in food industry has gained much 
attention in recent years (1). Nanoencapsulation of bioactive compounds is one 
technique commonly used. In this application, lipophilic bioactives were 
dissolved in oil and emulsified with an appropriate type of emulsifier to form 
oil-in-water nanoemulsions (8). Research has shown that such nanoemulsions 
may greatly enhance bioactivity of poorly water-soluble bioactives, and also 
improve stability and clarity (74). However, with different ingredients, a variety 
of emulsion-based delivery systems that have different characteristics can be 
assembled. 
This research used a pH 12 and ultrasound treated soy protein that was 
initially characterized by Lee et al. (2013) at the University of Illinois to create a 
lutein containing nanoemulsion and test its characteristics (70). The alkaline and 
ultrasound treatments increased the solubility and emulsifying ability of the soy 
protein isolate, making it a suitable emulsifier to create oil in water 
nanoemulsions. A vitamin D containing soy protein nanoemulsion had been 
made with this approach, and was proven to have high stability against UV 
degradation (70). In this study, lutein, a 40-carbon carotenoid, was chosen as the 
bioactive for dispersion in the nanoemulsion. This carotenoid is an important 
component in the function of the human eye and its intake has been associated 
with a reduced risk for cataracts, age-related maculopathy, and cardiovascular 
disease (58). Although lutein supplements are commercially available, lutein is 
not very commonly fortified in food products due to its poor water solubility. 
2 
Therefore, the use of soy protein isolate, a GRAS food ingredient, to create stable 
lutein nanoemulsions could be an effective strategy for incorporation of this 
carotenoid into aqueous and solid foods. The nanoemulsions created were 
characterized in this study to determine several characteristics including particle 
size, UV stability, drying/resuspension ability and bioaccessibility. 
The hypothesis of this study is that the pH and ultrasound treated soy 
protein would be a suitable emulsifier to create lutein containing oil-in-water 
nanoemulsions, and that lutein dispersed in these nanoemulsions would have 
increased UV stability and bioaccessibility than that dispersed in controls.  
The objectives were: 1) to create lutein containing nanoemulsions with soy 
protein isolate and freeze dry the products; 2) to determine characteristics of 
both original and freeze-dried and resuspended nanoemulsions including 
particle size, UV stability, and bioaccessibility. 
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CHAPTER 2 
LITERATURE REVIEW 
2.1 Nanotechnology in food science 
Around the 5th century (B.C.), long before the term ‘nano’ was well defined, 
the Chinese and Egyptians were already applying nanotechnology to ceramics 
coloring using gold nanoparticles (1). Today nanotechnology is widely used in 
the field of chemistry, material science, physics, engineering, biology, agriculture 
and food science among others. Food nano applications are relatively new, and 
thus have gained much attention in the past few years. Many countries have 
identified the potential use of nanotechnology in food science; therefore many 
government agencies are investing funds to continue developing this field (1, 2).  
The National Nanotechnology Initiative defines nanotechnology as the 
manipulation of matter with at least one dimension sized from 1 to 100 
nanometers (29). With such a small particle size, the nanomaterial can exhibit 
unique physical and chemical properties that can be applied in many new and 
useful ways. The main applications of nanotechnology in food science are smart 
biosensors, food packaging materials, and nano-sized food ingredients, additives, 
and bioactive compounds (2, 3). 
Biosensors consist of a biological component such as enzymes, cell receptors 
and antibodies, and a physicochemical transducer or transducing microsystem. 
Biosensors have been used for detection of pathogens, toxins and other 
deleterious contaminants in food products, and they work even when the 
concentration of the test material is very low (2, 4). Magnetic nanoparticles were 
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functionalized with anti-E. coli and anti-salmonella antibodies to achieve highly 
selective detection of E. coli O157:H7 and Salmonella typhimurium in complex 
food matrix in less than 30 minutes. Current traditional methods may take 
several days to provide the same information (5).  
Another application of nanotechnology in food science is in packaging. 
Effective packaging of materials is of great importance for the food industry. The 
use of nano-reinforcement techniques such as nanoclay and cellulose 
nano-reinforcement helps to increase the strength and resistance of packaging 
materials. Another application known as active food packaging allows for the 
interaction of packaging materials with food by releasing desirable compounds 
or removing detrimental factors resulting in improved food stability (3). Another 
application, which has received significant attention, is the use of nano-sized 
food materials or their encapsulants, such as food additives and nutraceuticals.  
Food companies are applying nanotechnology to enhance the functionality of 
their products. For example, Unilever had been working on a new technology to 
reduce the content of fat from ice cream products (from 16 to 1%) by halving the 
size of particles that make up the emulsion (2, 3). Other companies such as Royal 
Body Care are adding nanoparticles to dietary supplements to increase their 
bioavailability and efficacy. Nanoencapsulation of bioactive compounds is one 
technique commonly used. In this application, an oil in water nanoemulsion with 
lipophilic vitamins and previtamins is incorporated into the oil droplets. This 
strategy not only enables the delivery of hydrophobic substances into aqueous 
food, but also enhances absorption in the gastro-intestinal tract (8). Although 
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many of these technologies will not go into commercial use for years, they are an 
example of the increasing interests in food nanotechnology. 
Despite the great potential nanotechnology has to take the food industry into 
a new stage, challenges exist. One big concern is the risk for toxicity of 
nanomaterials to humans and the environment due to their small size. More 
studies are needed before any application of nanotechnology is used for the 
design of food products on a large scale. Moreover, consumer perception and 
acceptance is crucial for any new technology, especially when used in foods 
consumed every day. Based on the report from Siegrist et al. (2007) and 
Aleksejeva (2008), the public is not well aware of food technology related 
information (6, 7). Indeed, participants in this survey were hesitant to purchase 
nanotechnology derived foods. Yet, the acceptance of its use for better packaging 
was higher (2, 6). Other studies have suggested that attaining a positive 
consumer attitude towards these new technologies is time-consuming, yet very 
important (7).  
 
2.2 Nanoemulsion 
2.2.1 Emulsions and emulsifiers 
An emulsion is usually made of two immiscible liquids, such as oil and water, 
with one type of liquid dispersed as small droplets in the other (9). Emulsions 
are found in nature, such as milk, and have evolved with advances in food 
processing techniques (14). Today, many food products, both natural and 
processed, are emulsion based. 
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The process of converting two separate liquid phases into an emulsion is 
known as homogenization. The devices used in homogenization include high 
speed mixers, most commonly used for directly homogenizing oil and aqueous 
phases (10); colloid mills, widely used for medium and high viscosity liquids; 
high pressure valve homogenizers, which are the most common methods to 
produce emulsions containing small droplets in food industry (11); and 
ultrasound homogenizers, which utilize high intensity, rapidly fluctuating 
pressure waves to break large droplets into smaller ones (12). While all of the 
above methods use high energy homogenization, which require intense 
mechanical agitation of the liquids, there are also low energy approaches such as 
spontaneous emulsification and phase inversion (13).  
Although it is possible to create an emulsion by merely homogenizing pure 
oil and water, the two phases can rapidly separate into oil layer and water layer 
due to thermodynamically unstable nature of emulsions. Therefore, stabilizers 
such as emulsifiers or texture modifiers are included in the system to form 
emulsions that are kinetically stable for a reasonable period of time (9). Most 
emulsifiers are amphiphilic molecules that consist of a hydrophilic “head” and a 
lipophilic “tail”. There are a variety of emulsifiers utilized in foods, especially 
beverage products, such as lecithin, fatty acid salts, mono- and diglycerides, 
Tween 20, Span 80, among others. Many of these food-grade emulsifiers are 
produced industrially by chemical processes using a variety of raw materials like 
fats, oils, glycerol, organic acids, sugars, and polyols (12, 15).  
Lecithin is a type of commercially available emulsifier that can be extracted 
from soybeans and eggs. It contains different types of phospholipids as its major 
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constituent (16). The most common phospholipids in lecithin are 
phosphatidylcholine, phosphatidylethanolamine, and phosphatidylinositol. 
Lecithins can be fractionated to form more pure ingredients (12). For example, 
purified L-α-phosphatidylcholine, which is an important source of choline and an 
essential nutrient in the body, is used as an emulsifier in many studies (17, 18).  
Proteins also have emulsification abilities. Many proteins can facilitate the 
formation and improve the stability of oil-in-water emulsions due to their 
amphiphilic nature (19, 20). Commonly used proteins used as emulsifiers are a) 
milk proteins, which can be fractionated into individual purified protein 
fractions like β-lactoglobulin, α-lactalbumin, k-casein and lactoferrin; b) meat 
and fish proteins, with gelatin being one of the most widely used; c) egg proteins 
such as ovalbumin and phosvitin;, and d) plant proteins such as soy protein and 
zein from corn. These proteins, or their purified fractions, can assemble 
biopolymer particles that serve as delivery systems for nutrients and bioactives 
in food products (12, 21).  
2.2.2 Interests in nanoemulsions 
Nanoemulsions can be considered as conventional emulsions with very small 
particle size. They are defined as a thermodynamically unstable colloidal 
dispersions containing two immiscible liquids, with one dispersed as spherical 
droplets smaller than 100 nm in the other. Depending on which phase is 
dispersed in the other, they can be either oil-in-water or water-in-oil type (22). 
Due to growing interest in developing food-grade colloidal delivery systems that 
can encapsulate lipophilic functional ingredients, such as micronutrients, 
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nutraceuticals, flavors, colors and others, the oil-in-water nanoemulsions have 
been studied more extensively (23, 24, 25).  
Nanoemulsions possess potential advantages over conventional 
microemulsions for food and beverage products applications. Because of their 
small particle size, they scatter light waves weakly, and so they can be used in 
products that require transparency or slight turbidity (24, 26). Nanoemulsions 
also have better stability against aggregation, gravitational separation and 
chemical degradation than conventional emulsions, which can be a desirable 
characteristic for long-term storage of food products (27). Moreover, 
nanoemulsions have been shown to increase the bioavailability of certain 
lipophilic bioactives, such as lipophilic vitamins, omega-3 fatty acids and 
carotenoids (28).  
The small particle sizes of nanoemulsions, however, have raised concerns 
about their toxic effects during digestion and absorption. Reduced particle 
dimensions may result in an altered biological fate of compounds within the 
body (24). Our understanding of the toxicity of nanomaterials is still limited. 
Therefore, it is important to establish validated methods to understand the 
absorption, distribution, metabolism and excretion (ADME) of different 
nanoemulsion materials before their use in the food supply (29, 30).  
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2.3 Food proteins in emulsions 
2.3.1 Emulsifying properties of food proteins 
Interest in using proteins as surfactants to deliver bioactive compounds has 
risen in recent years. Proteins have emulsifying properties due to their 
amphiphilic nature and film-forming abilities (31). As a type of food biopolymer, 
food proteins not only are generally recognized as safe, but also have high 
nutritional value (32). The role of a variety of animal proteins such as caseins, 
whey proteins and gelatin has been studied in stabilizing emulsions, but as an 
alternative, plant proteins such as soy proteins, pea proteins and cereal grain 
proteins are receiving more attention as potential emulsifying agents (33, 34).  
Because of their large size and complex structure, proteins tend to be bulkier 
and diffuse at slower rate to the interface compared to small molecular weight 
emulsifiers (9, 31). Therefore, the emulsion capacity of proteins can be lower 
than that of small molecular weight molecules (35). However, proteins can 
develop a strong viscoelastic film at the interface which can improve emulsion 
stability. Physiochemical properties of proteins such as solubility, surface 
hydrophobicity, particle size and surface charge can greatly influence their 
emulsifying abilities (31).  
2.3.2 Characteristics of soy protein 
As one of the most common type of plant proteins, soy proteins are 
inexpensive and possess high nutrition quality. Soybeans have the highest 
amount of protein and provide a well-balanced supply of essential amino acids 
compared to cereals and other legumes. Soy products have also been a major 
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source of vegetable protein in many Asian countries, and their demand in 
western countries is also increasing (36, 37).  
Soy protein isolate is a highly refined soy protein product, containing 90% 
protein. The major components which account for about 70% of the total soy 
proteins are two globular protein fractions 7S (β-conglycinin) and 11S (glycinin). 
Soy protein isolate is used as an emulsifier or emulsion stabilizer in meat 
emulsions, baby foods and liquid diets. However, the emulsifying ability of soy 
proteins is less efficient than some other animal proteins such as casein and 
whey protein (38). The complexity of the tertiary and quaternary structures of 
7S and 11S globulins may be one reason (39, 40). Therefore, to improve the 
emulsifying properties of soy protein isolate and facilitate its use in 
emulsion-based foods, research efforts have focused on modifying protein 
structure using physical and chemical means such as high pressure, ultrasound, 
and extreme pH treatments (36).  
2.3.3 Ultrasound and pH treated soy protein 
Ultrasound is an oscillating sound pressure wave with a frequency greater 
than the upper limit of the human hearing range. It is used in medical imaging, 
alteration of chemical properties of substances among others. In the food 
industry, ultrasound has been used to modify the structure of proteins. A study 
of Hu and colleagues showed that ultrasonic treatment was able to increase 
surface hydrophobicity and protein solubility of soy protein isolate dispersions 
(41). This group showed that under low frequency (20 kHz) ultrasonication at 
varying power (200, 400 or 600 W) and different time (15 or 30 min), the 
secondary structure of soy protein isolate can be changed. At a higher power 
11 
(400 and 600 W) and longer time (30 min), the α-helix component would 
increase, while β-sheet and random coil component would decrease. This means 
certain ultrasonic treatment could result in partial unfolding and reduction of 
intermolecular interactions, which lead to improved emulsification ability of soy 
protein isolate solutions (41).  
Jiang and others indicated that pH-shifting can also effectively alter the 
protein structure and improve gelling ability, filming formation of the soy 
protein isolate (42). At pH 1.5 or pH12, the protein was partially unfolded, and 
when refolding at pH 7.0, the structure of the protein was changed. The pH12 
treated soy protein isolate can spontaneously form a transparent film at 20 °C, 
which has a great elongation at break (43). 
Previous work conducted by Lee et al. (2013) combined pH shifting and 
ultrasound treatments to elicit specific changes in the SPI structure and 
functionality (70). In their experiments they showed that with pH 12 and 
ultrasound treatment together, the solubility of Pro-Fam 955 soy protein isolate 
increased from 1.58% in the control with no treatment to 85.5%. Surface 
hydrophobicity was also significantly increased. The volume weighted mean 
diameter decreased from 376.10 nm to 21.80 nm. An stabilized SPI 
nanoemulsion with vitamin D3 was created using 0.25% (w/w) oil. This 
dispersion was then exposed to UV light (UVB) for several time periods and it 
showed protection compared to the control without protein. It is possible that 
this process can be exploited to deliver other lipophilic substances for their 
inclusion in solid or liquid food products. 
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2.4 Lutein supplementation 
2.4.1 Characteristics 
Lutein is a xanthophyll and one of the more than 600 known naturally 
occurring carotenoids. Lutein is found at high levels in green leafy vegetables 
such as parsley, spinach and kale (44). Like its sister compound zeaxanthin, it has 
primarily been used as a natural pigment because of its orange-red color. Lutein 
is one of the main carotenoids found in the human eye. Therefore, its ability to 
act as scavengers for reactive oxygen species and to bind with physiological 
proteins in humans can help to protect the eye from oxidative damage (45). 
Lutein has the basic carotenoid structure (Figure 1), which is tetra-terpenoid 
having 40 carbon skeleton made up of 8 isoprene units. It is referred to as 
oxygenated carotenoid or xanthophyll carotenoid because of the oxygen atoms in 
the OH group on both sides of the molecule. Lutein is not soluble in water, but is 
soluble in fats and most organic solvents such as ethanol and methanol, and 
hexanes (46). Due to its highly unsaturated structure, lutein is very unstable 
against heat and UV light just like other carotenoids. Esterification of the OH 
group is able to improve its stability against degradation (47, 48, 49). 
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Figure 1. Chemical structure of lutein, zeaxanthin, α-carotene, β-carotene, 
β-crytoxanthin, lycopene. Modified from D.E. Volk, Citizendium (available 
at http://en.citizendium.org/wiki/File:Carotenoids2.png) 
 
Due to the poor solubility of carotenoids in digestive fluid, their 
bioaccessibility is lower than many other fat soluble compounds such as 
triacylglycerols and α-tocopherol. Carotenoids must be solubilized in the 
digestive fluid via several steps before absorption by intestinal epithelial cells 
and transported into the blood system. First, carotenoids need to be released 
from the food matrix. Different types of food matrix factors such as particle size, 
macronutrients, and microstructure can influence the amount and efficiency of 
the release (66). Then, the released carotenoids must be dispersed as an 
emulsion in the gastrointestinal tract with the help from dietary lipids. Therefore, 
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dietary fat is another factor that could impact carotenoid absorption. The third 
step is micellarization. Dispersed oil droplets that contain carotenoids transfer to 
mixed micelles consisting of bile salts, biliary phospholipids, cholesterol, fatty 
acids, and monoacylglycerols (44, 50). Studies have shown that the 
bioaccessibility of lutein can vary greatly from different foods (69). Generally, 
lutein in vegetables such as spinach, broccoli, carrots has a lower bioaccessibility, 
from about 19% to 40% (51). Other fruits such as orange, kiwi, red grapefruit 
and nuts such as pistachio have bioaccessibility as high as 50% to 100% (52, 53). 
Other authors have showed that certain food processing and cooking techniques 
can increase bioaccessibility by disrupting the food matrix (54, 55). Apart from 
digestion and absorption in the small intestine, a fraction of lutein can be 
absorbed in the large intestine. Indigestible fractions from the small intestine 
continue into the large intestine, where enzymatic digestion and colonic 
fermentation take place. The carotenoids released by the enzymatic action are 
not all used as fermentation substrates, and thus, a proportion of these unused 
carotenoids is available for absorption in the colon (56, 57). 
2.4.2 Nutrition value 
Lutein and zeaxanthin are commonly found at the center of the eye’s retina, 
and are usually referred to as macular pigments. Lutein does not have 
provitamin A activity, but it has attracted a lot of attention due to its potential 
role in reducing the risk for developing cataracts, age-related maculopathy, 
cardiovascular disease, and several types of cancer (58). Epidemiological studies 
have shown that macular pigment optical density is associated with better 
cognitive function and vision among seniors (59, 60). Other studies have shown 
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that lutein can help protect the retina from oxidative damage as carotenoids can 
reduce single oxygen formation from sunlight exposure (61). It may also be 
important as protective factors in retinal pigment epithelium of new-born 
infants (62). 
2.4.3 Supplementation interests and limits 
While no recommended daily allowance currently exists for lutein, as it is 
not a nutrient, positive effects in humans have been reported at dietary intake 
levels of 6 to 10 mg per day. Although lutein is present in many foods, this 
amount might be hard to achieve by individuals following certain special diets. 
The low bioavailability of lutein from some foods is another problem. Therefore, 
lutein supplements and lutein fortified foods have gained more attention in the 
last decade. 
There is evidence that lutein supplementation together with other 
antioxidant supplements have the potential to delay age-related macular 
degeneration, and are correlated with increased physical activity and reductions 
in sedentary time in older adults (63, 64). Moreover, as lutein is present in breast 
milk, there is growing interests to add this carotenoid in baby formula (62). 
Due to its poor water solubility, most commercially available lutein 
supplements are in the form of capsules. Thus, processing technologies that can 
facilitate dispersion and protection of non-polar bioactives are a growing area of 
interest in the food industry. Micro and nanoemulsions have been used to 
disperse lipid soluble bioactives (12). Dispersion of lutein into nanoemulsions 
using phospholipon 85G as emulsifier had shown better bioavailability than 
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existing supplements (65). Food processing technologies such as spray drying 
and freeze drying can be used to create dispersible powders for lutein 
fortification, which would greatly facilitate its use in a variety of food products. 
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CHAPTER 3 
MATERIALS AND METHODS 
3.1 Preparation of test samples 
 3.1.1 Materials 
 Pro-Fam 955®  Soy protein isolate (SPI, 90% soy protein based on dry basis) 
was donated by Archer Daniels Midland (ADM, Decatur, IL, USA). Flora Glo®  
Lutein (20% liquid in safflower oil) was obtained from Kemin Health, L.C. (Des 
Moines, IA, USA). L-α-Phosphatidylcholine (Sigma, USA), 100% Reagent Alcohol 
(Fisher Scientific, USA), Bovine Serum Albumin Standard (Thermo Scientific, IL, 
USA) and Bio-Rad Protein Assay Dye Reagent Concentrate (Bio-Rad Laboratories, 
Inc., CA, USA) were purchased. 
 3.1.2 Methods 
 All experiments are done in the dark under an orange light to minimize light 
oxidation during the experiment. 
 Soluble soy protein solution. The procedure of making the soluble soy 
protein solution was based on previous work of Dr. Feng’s laboratory (70).Three 
grams of SPI was weighed into a 250 mL beaker. Then, 100 mL double deionized 
water (DDI) was added and content stirred for 30 min at room temperature 
(23°C). The pH of the SPI dispersion was then adjusted to 12 with a few drops of 
2 M NaOH, followed by 5 min of ultrasonication in an ice bath using a VC-750 
ultrasound generator at 20 kHz (Sonics & Materials, Inc., Newtown, CT, USA). A 
probe (12.5 mm diameter) placed in the middle of the beaker and 3 cm from the 
bottom delivered the acoustic energy to the sample. The sample was stored at 
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room temperature for 1h before pH adjustment back to 7. Neutralized SPI 
dispersion was centrifuged (8,610 rpm at 15 °C) for 15min. The supernatant was 
collected and protein concentration was measured using the protein assay by 
Bradford and BSA as standard. (67) The supernatant was then diluted to 10 mg 
protein/mL for further use.  
 Nanoemulsion and controls preparation. A brief description of all 
treatments used in these studies is listed in Table 1. Each treatment was created 
in a 50 mL batch with 16 mg FloraGlo®  Lutein (2.7 mg lutein and 13.3 mg 
safflower oil) added.  
The soy nanoemulsion with oil (SEO) was made by first adding into the 
beaker 16 mg lutein and 125 mg of canola oil and mixing. Soluble soy protein 
solution (SPI solution, 10 mg/mL) was added and the non-homogenized 
emulsion was stirred with a magnetic bar for 5 min at medium speed. After 
stirring, the emulsion was homogenized after 5 min of ultrasonication in an ice 
bath following the same conditions as described before for the protein solution. 
The soy nanoemulsion with ethanol and no additional canola oil (SEE) was 
made by mixing 16 mg lutein oil first in 5 mL ethanol. Then, 45 mL of soluble soy 
protein solution (10 mg/mL) was added. Contents were stirred with a magnetic 
bar for 5 min at medium speed. 
The lecithin control (LC) (lecithin as surfactant) was made by first dispersing 
24 mg of L-α-phosphatidylcholine in 50 mL DDI water. The amount was based on 
previous work of Fox, et al. (2010) (17). The mixture was vortexed (Fisher 
Vortex Genie 2® , Fisher Scientific, USA) and placed in an sonication water bath 
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(FS110H, Fisher Scientific, USA) at room temperature (23°C) for 20 min until 
contents were visibly dispersed. Then, 125 mg of canola oil with 16 mg lutein 
was added into the dispersion, vortexed, and placed in the sonication water bath 
for 30 min to homogenize the aqueous and lipid phase. 
The water ultrasound control (WUC), without surfactant, was made by 
mixing 125 mg of canola oil and 16 mg lutein with 50 mL of DDI water, and 
stirring with magnetic stirring bar for 5 min at medium speed. The mixture was 
placed in the ultrasound for 5 min using the same conditions as for the SEO 
sample. 
The ethanol control with additional canola oil (WECO), ethanol as 
solubilizing agent, was made by dissolving 125 mg of canola oil with 16 mg lutein 
first in 5 mL ethanol. Then, 45 mL of DDI water was added and the mixture was 
stirred with a magnetic stirring bar for 5 min at medium speed. 
The water ethanol control without additional canola oil (WECNO) was made 
by dissolving 16 mg lutein oil first in 5 ml ethanol. Then, 45 ml of DDI water was 
added, and the mixture was stirred with a magnetic stirring bar for 5 min at 
medium speed. 
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Table 1. Description of samples used in this study. 
Sample % Oil Surfactant Ultrasound Ethanol 
SEO 1C= 0.250% 
S=0.027%S 
Soluble SPI YES 2 NO 
SEE S= 0.027% Soluble SPI NO YES 
LC C= 0.250% 
S= 0.027% 
Lecithin YES 3 NO 
WUC C= 0.250% 
S= 0.027% 
NO YES 2 NO 
WECO C= 0.250% 
S= 0.027% 
NO NO YES 
WECNO S= 0.027% NO NO YES 
1 C = canola oil, S= safflower oil originated from FloraGlo®  Lutein; 2 probe; 3 water bath. 
 
After the samples were prepared, the amount of lutein in each sample was 
measured using the same extraction and analysis method as delineated in the UV 
stability test. Lutein recovery was calculated using the following formula:  
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3.2 UV stability test 
 3.2.1 Materials 
 n-Propyl Alcohol (Macron Fine Chemicals™, USA), Methanol (HPLC Grade, 
Fisher Scientifics, USA), 100% Reagent Alcohol (Fisher Scientific, USA), 
2,6-Di-tert-butyl-4-methylphenol (BHT, Sigma-Aldrich, USA) and Lutein standard 
(98%, Sigma-Aldrich, USA) were purchased for the extraction of lutein. 
2-Thiobarbituric acid (Sigma-Aldrich, USA), trichloroacetic acid (Fisher Scientific, 
USA), dimethyl sulfoxide (Sigma, USA), 100% reagent Alcohol (Fisher Scientific, 
USA) and malondialdehyde tetrabutyl ammonium (MDA) salt (Sigma-Aldrich, 
USA) were prepared for the thiobarbituric acid reactive substances (TBARS) 
assay. 
 3.2.2 Methods 
UV light treatment.Each sample (5mL) shown in Table 1 was transferred 
into a set of five petri dishes (60x15 mm). Three batches of each sample were 
prepared for precision. The petri dishes were then placed under a UV box which 
contained3 bulbs (G30T8 Ushio Bulb, emits 254 nm UV-C light, USA). Samples 
were collected at 0, 10, 30, 60, 120, 180 min. The weight of the dish before and 
after UV treatment was measured to adjust for any water loss. Two 15 mL 
centrifuge tubes were prepared per sample, and 1 mL of sample was taken into 
each tube for further analysis.  
 Lutein extraction and analysis. This method was shown to extract more 
than 95% lutein from samples (data not included). A 3 mL aliquot of n-propyl 
alcohol with 0.05% BHT was added into 15 mL centrifuge tube containing 1 mL 
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sample. Contents were vortexed for 10 sec, and placed in an ultrasound water 
bath for 30 sec. The mixture was centrifuged (Sorvall ST 16R) at 4,000 rpm for 
10 min at 4 °C. An aliquot (200 μL) of supernatant was pipetted into a 1.5 mL 
microcentrifuge tube and diluted five times with 100% methanol. The 
absorbance of each sample was measured at 450 nm with a spectrophotometer 
(GENESYS 10S UV-Vis, Thermo Scientific, USA). Lutein standard stock was 
prepared by placing a small amount (~0.9-1.2 mg) of lutein standard into an 
amber glass, and dissolving it with 2 mL 100% ethanol. The absorbance of the 
standard stock at 450 nm was then measured, and the exact concentration was 
calculated using the absorptivity (E1%, cm-1) for lutein in EtOH, which is 2,550 
Abs units (46). The lutein stock was diluted into a set of standards at 11, 5.5, 1.1 
and 0.11 μg/mL with methanol, and their absorbance were measured at 450 nm 
as before.  
During the 3 hrs UV exposure, the temperature in the UV box increased. 
Increased temperature led to significant evaporation and weight loss. Thus, the 
weight of each sample was measured before and after UV exposure, and the final 
retention value was adjusted using following formula: 
 
 
 Thiobarbituric Acid Reactive Substances assay. The method of Heath et al. 
(1968) was used (90). Briefly, an aliquot (300 μL) of UV treated samples was 
each placed into a 1.5 mL microcentrifuge tube. 600 μL of ice cold 10% 
trichloroacetic acid was added, before vortexing and incubation for 15 min on ice. 
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The samples were then centrifuged at 2,200 x g for 15 min at 4 °C. MDA 
standards were prepared at 0, 1, 2, 5, 10, 20, 30 and 40 uM in DDI water. An 
aliquot (500μL) of sample supernatants or standards were placed into a new 1.5 
mL microcentrifuge tube. An equal volume of 0.67% (w/v) TBA was added. 
Samples were incubated in a boiling water bath for 10 min. After cooling, the 
absorbance of each sample was measured at 532 nm using the 
spectrophotometer. 
 
3.3 Simulation of in vitro digestion 
 3.3.1 Materials 
 Pepsin from porcine gastric mucosa (P7125, Sigma, USA), pancreatin from 
porcine pancreas (P1750, Sigma, USA), bile extract porcine (B8631, Sigma, USA), 
sodium bicarbonate (Sigma, USA), sodium chloride (Sigma, USA), hydrochloric 
acid (1N, Fisher Scientific, USA), sodium hydroxide (Fisher Scientific, USA) were 
purchased for this assay. 
 3.3.2 Methods 
 Simulation of in vitro digestion was based on the method of Garrett et al. 
(1999) and Granado et al. (2003) (51, 68).  
 Gastric phase. As the samples were different in terms of lutein per unit of 
volume some changes were made to this protocol in order to load the same 
amount of lutein for digestion. Therefore, samples with different volumes (2 mL 
to 13 mL) contained the same amount of lutein (0.1 mg) and the difference in 
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volume was compensated with 0.9% NaCl solution to reach a final volume of 32 
mL. Bioaccesibility of carotenoids requires the presence of fats; thus, 150 μL of 
canola oil was added to all samples. Samples, oil and saline were placed in 50 mL 
spinner flasks (Bellco glass Inc., NJ, USA ) and shaken for 10 sec. Then, 2 mL of 
pepsin solution (40 g/L pepsin in 0.1 M HCl) were added into each flask, and the 
pH was measured (ACCUMET BASIC, Fisher Scientific, USA) and adjusted to 2.0 
with a few drops of 1 M HCl. The flasks were then incubated at 37 °C in a shaker 
(INCU-SHAKER Mini, Benchmark Scientific, USA) with 13 mm diameter orbital 
shaking at 95 rpm for 1 h. At the end of incubation and shaking, the flasks were 
taken out and kept in ice bath until further treatments.  
 Intestinal phase. The pH of the digesta obtained during the gastric phase 
was measured and adjusted to 5.3 with 0.9 M sodium bicarbonate. Then, 9 mL 
pancreatin and bile extract solution (2 g/L pancreatin and 12 g/L bile extract in 
0.1 M NaHCO3) was added; and the pH adjusted to 7.5 with a few drops of 2 M 
NaOH. The flasks were incubated again under the same shaking conditions as 
before for 2 h. 
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Figure 2. Schematic diagram of the three phases formed 
after centrifugation of the digesta after the intestinal 
digestion phase. 
 
 
 Lutein extraction and analysis After the 2 h incubation, the digesta was 
transferred into another 50 mL centrifuge tube and centrifuged (Sorvall ST 16R) 
at 5,000 rpm for 20 min at 4 °C. After centrifugation, there were three distinctive 
areas in the tube, the top lipid phase, middle or micellar phase, and the bottom or 
pellet (Figure 2). An aliquot of supernatant (1 mL) was taken from the micellar 
phase for further analysis. The tube was decanted, and the pellet was also saved 
for further analysis. Lutein in supernatants was measured as described above. 
For the pellet, however, 10 mL of n-propyl alcohol with 0.05% BHT was added, 
vortexed for 10 sec, placed in an ultrasound water bath (chilled with ice) for 30 
sec, and centrifuged at 4,000 rpm for 10 min at 4 °C. An aliquot of the 
supernatant (200 μL) was pipetted into a 1.5 mL microcentrifuge tube and 
diluted five times with 100% methanol. The absorbance was measured at 450 
nm. 
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3.4 Resuspension of lyophilized materials 
 3.4.1 Materials 
 Same materials as used for UV stability and in vitro digestion test. Soy 
protein nanoemulsions and soy emulsion with ethanol containing lutein were 
obtained as described before. 
 3.4.2 Methods 
 Resuspension ability. The soy nanoemulsion with oil (SEO) and soy 
nanoemulsion with ethanol (SEE) were freeze dried; however no controls were 
used in these tests. Samples were treated using pH shifting and ultrasound. 
Samples were stored in 50 mL centrifuge tubes at -80 °C for one day, and then 
placed in a freeze dryer (LABCONCO, FreeZone 6 Liter Console Freeze Dry 
System, USA) for three days. 
 After drying, the soy nanoemulsion with oil (SEOF) and soy nanoemulsion 
with ethanol (SEEF) were resuspended into the same concentration as the 
original emulsion with DDI water, and the time to mix all dried material into 
solution with high speed vortex was measured to determine their resuspension 
ability. Protein content was measured using the Bradford tests, which helped 
determine how much freeze dried sample in weight was needed to render the 
original emulsion concentration. The weight was calculated based on same 
amount of protein in the resuspended emulsion and the original emulsion. 
 TBARS, UV stability and in vitro digestion tests. TBARS, UV stability and in 
vitro digestion tests were conducted with the resuspended emulsions following 
the same methods described above. 
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3.5 Particle size 
The volume-weighted mean diameters of each emulsion, control and 
resuspended emulsion were measured by dynamic light scattering (DLS) using a 
NICOMP 380 DLS instrument (Santa Barbara, CA, USA). Samples were diluted 
500-fold with DDI water.  
 
3.6 Statistics 
Each experiment was conducted using at least three different batches (50 ml) 
of sample or control. Most experiments were conducted with duplicates from 
each batch. Statistical analyses were performed using SAS 9.4 for Windows (SAS 
Institute; Cary, NC, USA). One-way ANOVA was performed to determine 
treatment differences. If significant differences were found, means were 
compared by Tukey’s test. Statistical significance was established at an alpha of 
less than 0.05. 
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CHAPTER 4 
RESULTS AND DISCUSSION 
The purpose of this study was to characterize a few functional properties of 
soy protein isolate (Pro-Fam 955) nanoparticles created after pH shifting and 
ultrasound. Results showed that these nanoparticles can emulsify and disperse 
lutein, protect it from UV effects, and enhance its bioaccessibility in certain cases. 
Freeze drying was also applied to evaluate the impact of drying on the functional 
properties of resuspended nanoemulsions.  
Different controls were used as comparisons in different aspects. A lecithin 
control (LC) was used to compare soy protein with another emulsifier. Water 
ultrasound control (WUC) was used to observe the effect of ultrasound without 
an emulsifier. A water ethanol control with and without oil (WECO and WECNO) 
were lutein controls without any surfactant using only ethanol to dissolve lutein.  
  
4.1 Lutein recovery in prepared samples 
When preparing the samples, there were visible losses of lutein (orange 
pigment sticking on the beaker) during the mixing process. Some samples had 
more lutein loss during preparation than others.  
As shown in Figure 3, lutein recoveries as high as 100% were found in both 
soy nanoemulsion with oil (SEO) and soy emulsion with ethanol (SEE) samples. 
The water ethanol control with no canola oil (WENCO) also had close to 100% 
recovery. Recovery of water ethanol control with canola oil (WECO) was lower at 
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about 80%. Even lower recoveries were found in other controls. Lecithin control 
(LC) only had approximately 50% recovery, and the water ultrasound control 
(WUC) had recovery as low as approximately 16% (Figure 3). 
 
Lutein is insoluble in water, thus if no emulsifier or organic solvent (such as 
ethanol) was present, it stuck to the walls of the vessel; only a small fraction of 
oil (less than 20%) was dispersed in water. Ultrasonic treatment increases 
surface hydrophobicity and protein solubility of soy protein isolate dispersions, 
which instead facilitates the dispersion of fat soluble molecules (41, 70). 
Proteins have been proven to be effective emulsifiers in other studies. Whey 
proteins and their hydrolysates had been successfully used to create stable 
nanoemulsions (d = 160.7 ~ 287.9 nm) with 4% oil phase and 96% aqueous 
phase (w/w) (79). In another study, Nik et al. (2011) created an oil in water 
emulsion by homogenizing 10% β-carotene containing oil into aqueous protein 
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solution, which was 1.5 wt% soy protein isolate dispersing in water and the 
concentration of β-carotene was 3.3 µg per mg of soy protein isolate (76). In the 
author’s study, the amount of soy protein used was 1.0 wt%; however, the 
maximum solubility of the pH and ultrasound treated soy protein was about 2.3 
wt% (70). The concentration of lutein was 5.4 µg per mg of soy protein isolate, 
which is higher than Nik et al.’s (2011) study. With the presence of soy protein, 
SEO had a 100% lutein recovery during the sample preparation phase. 
Dispersion of lutein in the SEE treatment was very fast. According to Craft 
(1992) lutein maximum solubility in ethanol is 300 mg/ml (46). The lutein used 
in this study was FloraGlo, which is ~17% lutein dissolved in safflower oil. Thus, 
the solubility of oil in ethanol helped to dissolve 13.3 mg safflower oil and 2.7 
mg lutein in 5 ml ethanol. Lutein oil containing ethanol was easily mixed with 
pH and ultrasound treated soy protein solution with a recovery of 100%. These 
initial results show that the emulsifying ability of the pH and ultrasound treated 
soy protein can be effectively utilized to create lutein containing emulsions. 
 
4.2 Particle size 
Figure 4 shows the mean particle size for each sample treatment. Soy 
nanoemulsion with canola oil (SEO) and soy nanoemulsion with ethanol (SEE) 
had the smallest particle sizes (124.6 and 99.0 nm, respectively). Although the 
conventional particle size limit for nanotechnology is 100 nm, it is a fairly 
arbitrary line because the physicochemical properties of emulsions will not 
change dramatically at a particular size (71). Many different upper particle size 
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limits for nanoemulsions have been proposed in recent literature such as 500 nm, 
200 nm, and 100 nm, and McClements et al. (2012) had given a convenient 
definition of nanoemulsion. Within this definition, the volume-weighted average 
radius of a nanoparticle should be less than 100 nm (22). Based on this definition, 
the size of both SEO and SEE was within this nano range. No significant 
difference in particle size were found between these two samples (Tukey, 
P>0.05). Particle size of the resuspended SEO and SEE lyophilized powder (SEOF 
and SEEF) was also measured. The size of resuspended SEOF was around 188.3 
nm and was not significantly different than the size of its original emulsion SEO 
(Tukey, P>0.05). Similarly, the size of SEEF was around 135.0 nm and it was not 
significantly different than the size of its original emulsion SEE (Tukey, P>0.05).  
Apart from all the samples with soy protein, water ethanol control with no 
canola oil (WECNO) had the smallest particle size, followed by water ethanol 
control with canola oil (WECO) and water ultrasound control (WUC). The 
particle size of these three samples were around 200 to 300 nm and there were 
no differences among them (Tukey, P>0.05). Comparing soy nanoemulsion with 
oil (SEO) and water ultrasound control (WUC), with the same stirring and 
ultrasound treatment, the presence of soy protein reduced the particle size from 
around 315 nm to 125 nm. Similarly, comparing soy ethanol nanoemulsion (SEE) 
and water ethanol control with no canola oil (WECNO), with same treatment, the 
present of soy protein also reduced the particle size from 211 nm to 99 nm. On 
the other hand, the lecithin control (LC) had the largest particle size (786.5 nm) 
than any other sample tested (Tukey, P<0.05). The particle size in this sample 
ranged widely with a variability as high as 217.8 nm. These results suggest the 
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ability of the pH and ultrasound treated soy protein to create emulsions with 
relatively small size as previously shown (70). 
 
The standard deviations shown in Figure 4 were calculated from means of 
different batches and replicates. When measuring the sample size, particle size 
distribution of each individual sample was also calculated by NICOMP 380 DLS. 
The data are shown in Table 2. All samples have a wide size distribution, the 
average percentages of standard deviation (standard deviation of a certain 
sample divided by its mean) were between 40 and 70%. Except for the two 
water with ethanol controls (WECO and WECNO), all other samples had no 
significant different average percent of standard deviation (Tukey, P>0.05). The 
high percentage of standard deviation suggested the emulsions had droplets that 
were not uniform in size, even with the presence of soy protein. 
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Table 2. Average particle size distribution of each sample. 
Sample Average Mean (nm) Average SD within sample (nm) Average %SD 
SEO 124.6 76.2 61.0a 
SEOF 188.3 109.1 58.4a 
SEE 99.0 71.1 70.6a 
SEEF 135.0 95.6 70.2a 
LC 786.5 551.8 68.8a 
WUC 315.1 199.5 63.0a 
WECO 294.2 124.8 42.5b 
WECNO 211.6 83.8 39.6b 
Data are presented as means. Different superscripts within the same column 
represent statistical differences after ANOVA and post hoc mean comparisons 
(Tukey, P<0.05). 
 
Using a focused flow-through ultrasonic cell with power between 20-24 kHz, 
Kentish et al. (2008) generated emulsions mixture of flaxseed oil and water with 
a mean droplet size as low as 135±5 nm, which were stabilized with Tween 40 as 
surfactant (80). This size was close to SEO and SEE created in this study. The 
emulsion formulation in that study was 15 vol.% flaxseed oil, 5.6 vol.% Tween 40 
and 79.4 vol.% deionized water, which had much higher oil content comparing to 
either SEO or SEE (0.25% and 0.027%), and higher surfactant content (1% soy 
protein). Kentish et al. (2008) studies also indicated that an optimum ultrasonic 
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energy intensity input could be found to create nanoemulsions with smaller size, 
and an excess energy input may lead to an increase in droplet size. That study 
also showed that a 5-minute sonication at 200 W nominal power can achieve the 
lowest particle size (~150 nm), with additional sonication providing no greater 
reduction in size. The lowest droplet size produced in the author’s study was 
around 120 nm, achieved with a 50 ml sample size batch run at 200 W nominal 
power for 5 minutes. In the present study, the SEO treatment was also created 
with 50 ml sample batch and 5 minutes ultrasound treatment, and a similar 
mean particle size was found. Nevertheless, the SEE treatment did not require an 
additional ultrasound treatment (i.e., after surfactant conditioning) to achieve a 
small particle size. This finding would make this treatment more favorable for 
large scale production.  
 
4.3 UV stability and TBARS 
The UV stability and TBARS tests were used to determine the potential 
protective effect of soy protein. The UV-C exposure is to create an extreme 
condition that would be difficult to encounter under normal storage conditions. 
Lutein is susceptible to UV exposure, leading to oxidation and slacking of its 
chemical structure which results in the formation of lutein oxidation/photolyzed 
products and cleaved derivatives (84). It was hypothesized that soy protein 
nanoparticles can attach to the surface of the oil droplets and act as a protective 
shell to prevent UV light effects on lutein. 
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4.3.1 Lutein retention under UV exposure 
To determine the protective effect of soy protein emulsions against UV-C 
light (germicidal UV light), samples were exposed to UV-C light for a total of 3 
hours. Lutein retention at five different time points was measured. Same 
procedures were applied to the freeze dried and resuspended samples to 
determine whether freeze drying would improve or decrease lutein stability. 
During the UV treatment, temperature inside the UV box increased from 18 °C at 
time 0 h to 18.1, 20.1, 25.4, 26.0 and 28.6 °C at 10, 30, 60, 120 and 180 minutes, 
respectively. 
Results of lutein retention after UV-C exposure are shown in Table 3, which 
presents data and detailed statistical comparison, and in Figure 5, which shows 
kinetic behavior through different time periods. 
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Table 3. Lutein retention (%) after different UV exposure times. 
 
Sample 
% Lutein retention 
0 min 10 min 30 min 60 min 120 min 180 min 
SEO 100 89.7 ± 2.7b 79.3 ± 2.7b 79.1 ± 4.1 b 62.1 ± 2.2 b,c 52.1 ± 4.6 b 
SEOF 100 92.7 ± 1.8a,b 81.5 ± 4.3b 68.7 ± 3.2c 54.7 ± 2.0c 47.7 ± 4.1b 
SEE 100 101.5 ± 7.4a 98.2 ± 2.9a 95.3 ± 3.2a 79.8 ± 3.2a 66.5 ± 2.6a 
SEEF 100 100.0 ± 1.3a 97.1 ± 2.1a 86.0 ± 2.0b 68.7 ± 2.0b 53.1 ± 1.9b 
LC 100 71.6 ± 2.6c,d 62.0 ± 2.5c 60.6 ± 2.7d 36.2 ± 3.1d 18.5 ± 2.9d 
WUC 100 64.5 ± 7.7d,e 54.4 ± 3.2d 44.4 ± 9.1e 33.6 ± 5.9d 29.0 ± 4.3c 
WECO 100 58.9 ± 7.3e 34.4 ± 4.7e 15.6 ± 1.7 f 4.9 ± 2.8e 4.8 ± 1.0e 
WECNO 100 75.0 ± 7.9c 50.0 ± 3.1d 20.1 ± 2.7f 2.5 ± 0.3e 2.1 ± 0.1e 
Data are presented as means ± SD. Different superscripts within the same 
column represent statistical differences after ANOVA and post hoc mean 
comparisons (Tukey, P<0.05). 
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In general, all treatments containing soy protein (SEO, SEOF, SEE and SEEF) 
had higher carotenoid retention at every time point, and had about or greater 
than 50% retention after 3-hour UV exposure compared to other treatments. The 
treatment with ethanol (SEE) had the highest recovery, 66.5%. In comparison, 
with samples without surfactant, the amount of lutein in water ethanol controls, 
(WECO and WECNO) with or without oil, dropped dramatically to less than 5% 
over 3 hours of continuous UV light exposure, with 50% of lutein oxidized by 30 
min. Emulsification of lutein with lecithin offered some protection reflected in 
the relatively flat slope of lecithin control (LC) in the first hour of UV exposure. 
But at the end of 3 hour, LC had only about 19% lutein left. Water ultrasound 
control (WUC) had about 29% lutein recovery at the end point. It is important to 
note that the LC and WUC controls had a lesser amount of lutein at the start of 
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the experiment, only about 50% and 16% of the nanoemulsion samples, 
respectively. If comparing the actual concentration of lutein in LC and WUC with 
WECO and WECNO (data not shown), WUC and WECO had similar amount of 
lutein left in the end, and LC had about twice the amount of lutein as WECO. The 
efficacy of soy protein to protect lutein against UV oxidation is obvious.  
Similar result had been found in other studies. Semo et al. (2007) found that 
vitamin D2 could be loaded into casein micelles, utilizing the natural 
self-assembly tendency of bovine caseins. The vitamin was about 5.5 times more 
concentrated within the micelles than in the serum, and the re-assembled casein 
micelles can provide partial protection against 254 nm UV-C light induced 
degradation. After 3 hours UV exposure, vitamin D2 remained in the micelle was 
about 18.9% and 0.48% in the encapsulated sample and control, respectively. 
The authors explained that caseinate absorbs significantly more UV light than 
vitamin D2 due to its aromatic side groups and double bonds in the protein 
structure (83). Luo et al. (2012) found vitamin D3 encapsulated in zein 
nanoparticles could also be protected by the protein coating against 352 nm UV 
light exposure (UV-A). After 9.5 hours, more than 70% vitamin D3 remained in 
nanoparticles, comparing to less than 40% remaining in control (82). Since soy 
protein also contains aromatic groups and double bonds in its structure, this 
could explain the findings in this study.  
4.3.2 Lipid oxidation after UV exposure 
Lipid oxidation was measured by TBARS test before and after UV exposure. 
Data are shown in Table 4 and Figure 6 as MDA equivalents (malondialdehyde 
tetrabutyl ammonium salt equivalents). At time 0, every sample had a low level 
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of MDA equivalents, below 1 μM. Lecithin control (LC) had the highest amount of 
MDA equivalents (0.9 μM), followed by the four soy nanoemulsion samples (SEO, 
SEOF, SEE, SEEF), between 0.4 to 0.6 μM MDA equivalents. The water ethanol 
controls with or without oil (WECO, WENCO) and the water ultrasound control 
(WUC) had the lowest amount, between 0.0 to 0.2 μM of MDA equivalents. 
Because of the low values, the error in sampling or measuring could greatly 
affect the results. Therefore, statistic comparison was not discussed here.  
After 3 hours of UV-C light exposure, the amount of MDA equivalents in 
every sample increased at least three times. The samples with highest MDA 
equivalents after 180 min were the LC and WUC, both had around 21 μM MDA 
equivalents. WECO had the third highest concentration (13.9 μM MDA), followed 
by SEOF with about 10.7μM. SEO, SEE, SEEF and WENCO had the lowest amount 
MDA equivalent with 4.5, 1.9, 2.7 and 2.9 μM respectively. 
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A correlation between the amount of oil in each sample and the amount of 
MDA equivalent after UV-C exposure was calculated. The results are shown in 
Figure 7 (a). A positive correlation was found between the oil amount and MDA 
equivalent amount (Pearson correlation coefficient = 0.75, P<0.05). Since the two 
samples with soy protein and canola oil (SEO and SEOF) had lower amount of 
MDA equivalents than controls with canola oil (LC, WUC, WECO), another 
correlation was calculated) after excluding SEO and SEOF (Figure 7b). The 
correlation coefficient between oil amount and MDA equivalent amount of the 
samples without SEO and SEOF was 0.96 (P<0.05). 
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Table 4. Correlation between proportion of oil in treatments and oxidation 
measured as TBA-MDA equivalents. 
Sample Oil (%) TBA-MDA equivalent 
SEO 0.277 4.5± 0.7 
SEOF 0.277 10.7± 0.6 
SEE 0.027 1.9± 0.2 
SEEF 0.027 2.7± 0.1 
LC 0.277 21.2± 3.4 
WUC 0.277 21.1± 1.5 
WECO 0.277 13.9± 0.2 
WECNO 0.027 2.9± 0.2 
TBA-MDA equivalent data is presented as means ± SD. 
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Figure 7. (a) Correlation between oil content and TBA-MDA equivalents for all 
samples; (b) Correlation between oil content and TBA-MDA equivalents 
excluding SEO and SEOF (soy emulsions with oil). 
 
 
The TBARS test helped explain oxidative effects of UV light exposure on oil 
containing samples. Samples with higher amount of oil had higher amount of 
MDA equivalents after 3-hour UV light exposure. Nonetheless, when canola oil 
and lutein were dispersed in soy nanoemulsions (SEO), this formulation had 
much lower TBARS accumulation comparing to controls with same amount of oil. 
The presence of oil promoted oxidation. For instance, after UV exposure lutein 
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recovery was higher in the soy ethanol nanoemulsion (SEE) compared to its 
counterpart with more oil (SEO). With additional canola oil added, more lipid 
oxidation was detected as TBARS in the SEO sample. More free radicals that 
could attack the polyene chain of lutein were produced during the process of 
lipid oxidation, which could promote lutein degradation in this sample. Soy 
protein isolate possesses antioxidant activities due to the structural 
characteristics of the protein (i.e., phenolic and sulfhydryl groups) and the 
content of phenolic compounds such as isoflavones. De Oliveira et al. (2014) 
showed that hydrolysates were able to scavenge the 
2,2-diphenyl-1-picrylhydrazyl (DPPH) radical. In addition, the soy protein 
hydrolysates presented reducing power and ability to chelate iron (87). The 
antioxidant activities of isoflavones and isoflavone containing products are well 
known (88). It is possible that ultrasound treatment allowed for interaction of 
isoflavones with oil or lutein in the hydrophobic pocket. Ultrasonication has been 
used to extract isoflavones from protein hydrolysates (89). Thus, soy protein 
isolate used as surfactant of oil in water nanoemulsions can reduce oxidation of 
oil and bioactive compounds through several mechanisms. 
 
4.4 Simulated gastro intestinal digestion 
Simulated digestion tests were conducted to evaluate lutein bioaccessibility 
of the soy protein nanoemulsions SEO and SEE created in this study. The results 
of the in vitro digestion test include the percentage of lutein recovered in 
micellar phase and pellet after 3 hours of simulated gastric and intestinal 
digestion. The recovery of lutein in the micellar phase served as a determination 
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of the proportion of bioaccessible lutein for intestinal absorption and 
bioavailability as reviewed previously (73). The combination of micellar phase 
and pellet was also calculated for comparison. The samples that presented a total 
recovery less than 100% had lutein either flocculated and accumulated at the top 
lipid phase or lost due to degradation during in vitro digestion. Lutein was not 
determined in the oil phase. The data and detailed statistical comparisons are 
shown in Table 5, and a more straightforward comparison of each phase 
between each sample is shown in Figure 8.  
Soy nanoemulsion with oil (SEO), soy nanoemulsion with ethanol (SEE) and 
lecithin control (LC) had a 31%, 39% and 34% lutein recovery, respectively, as 
found in the micellar phase, and were different among them (Tukey, P<0.05). The 
freeze dried soy nanoemulsion with oil (SEOF) had even lower micellar lutein 
recovery at about 22%. Although a significant difference was not seen between 
SEOF and its original emulsion SEO, the recovery rate was significantly lower 
than both SEE and LC (Tukey, P<0.05). On the other hand, the freeze dried soy 
nanoemulsion with ethanol (SEEF) had a micellar lutein recovery as high as 79%, 
which was significantly higher than any other sample (Tukey, P<0.05), including 
its original emulsion SEE. Water ethanol control with and without oil (WECO and 
WECNO) had a 44% and 42% lutein recovery in the micellar phase respectively, 
with no significant difference between each other, and no significant difference 
between SEE and LC. Water ultrasound control (WUC) had about 56% recovery 
in micellar phase, which was the second highest among all samples, and was 
significantly lower than SEEF (Tukey, P<0.05), but not significantly different than 
WECO (Tukey, P>0.05). 
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Table 5. Percentage lutein recovery in each phase after simulated in vitro 
digestion. 
 
Sample 
% Lutein recovery 
Micellar Phase Pellet  Micellar + Pellet  
SEO 30.6 ± 4.6d,e 71.3 ± 1.8 a 102.7 ± 3.4 a 
SEOF 21.7 ± 3.4e 64.4 ± 7.1a,b 86.1 ± 8.2b,c 
SEE 39.3 ± 6.2c,d 52.9 ± 8.4b,c 92.2 ± 4.9a,b 
SEEF 78.9 ± 1.4a 26.9 ± 3.8d,e 105.8 ± 5.2a 
LC 34.2 ± 3.7c,d 41.1 ± 2.8c,d 75.3 ± 4.7c 
WUC 55.5 ± 4.0b 25.2 ± 3.6e 80.8 ± 1.0b,c 
WECO 44.2 ± 3.6b,c 30.0 ± 5.3 d,e 74.2 ± 7.7c 
WECNO 42.0 ± 8.5c,d 33.0 ± 8.5d,e 75.1 ± 1.7c 
Data are presented as means ± SD. Different superscripts within the same 
column represent statistical differences after ANOVA and post hoc mean 
comparisons (Tukey, P<0.05). 
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The amount of lutein remained in the pellet was also measured and the total 
of micellar phase and pellet was calculated. Soy nanoemulsion with canola oil 
(SEO) and its freeze-dried product (SEOF) had significantly higher amount of 
lutein in the pellet, with 64% and 71% respectively. Soy ethanol nanoemulsion 
(SEE) had a 53% lutein recovery, which was not lower than SEO’s, SEOF’s 
recovery, but also not higher than the lecithin control (LC) with about 41% 
recovery (Tukey, P>0.05). Water ethanol controls with and without oil (WECO 
and WECNO) had 30% and 33% lutein recovery in pellet, respectively. Freeze 
dried soy ethanol nanoemulsion (SEEF) and water ultrasound control (WUC) had 
the lowest recovery of lutein in pellet with 25% and 27%, respectively; although 
this amount was not different than those found in the WECO and WECNO 
samples. 
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Comparing the total lutein recovery (i.e. sum of pellet and micellar fractions), 
all samples with soy protein (SEO, SEOF, SEE, SEEF) had high total recovery, 
around 86% ~ 106%. WUC came next with a lutein recovery of 81%. Other 
controls (LC, WECO and WECNO) had a lutein recovery close to 75%. Statistically, 
SEO and SEEF had higher recoveries than all other samples (Tukey, P<0.05), 
while SEO, SEEF and SEE were not different among themselves (Tukey, P<0.05). 
Lutein recoveries for SEOF and WUC were not lower than SEE, and not different 
than WECO and WECNO (Tukey, P>0.05). 
For lutein to be transferred into the micellar phase, lipids and lipid digestion 
products should be solubilized within mixed micelles and vesicles consisting of 
bile salts and phospholipids adsorbing to the surface of the lipid droplets. After 
centrifugation in a swinging bucket rotor, undigested proteins, bile salts, free 
fatty acids among other particles precipitate into a pellet, and any undigested 
lipid rises to the top forming an oil layer in the form of oil droplets or bulk oil 
(73). 
While many studies had reported positively correlation between reduced 
particle size and increased bioaccessibility of carotenoids such as β-carotene (71, 
72), no such correlation was found in this study associated with the use of soy 
protein isolate as a surfactant. The bioaccessibility of lutein in the controls 
without surfactant was higher due to the reduced particle size. This explains why 
lutein in the lecithin control had lower bioaccessibility. Nonetheless, the micellar 
recoveries of lutein dispersed in the soy nanoemulsion with oil or ethanol (i.e., 
SEO and SEE), with particle sizes around 99-124 nm, were not different than 
those in the lecithin control (LC), which had a mean particle size around 786 nm, 
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or those in the controls without surfactant (i.e., WUC, WECO and WECNO), which 
also had larger particle sizes, between 211-315 nm. In this case low micellar 
transfer in the soy protein containing samples is due to the strong association of 
lutein to the hydrophobic protein fragments as observed in both SEO and SEE 
samples with a higher fraction of lutein precipitated in the pellet than in all 
controls (i.e., orange pellet). Nonetheless, total lutein recovery in the soy 
protein-containing samples was close to 100% , while in the controls it was less 
than 80%, in which 20 - 25% of lutein was found either in the top oil phase, or 
degraded during the simulated digestion. In a similar in vitro digestion 
experiment, which used the same protein nanoparticles, collaborators found an 
increased bioaccessibility of vitamin D3 (~90%) compared to controls without 
surfactant (~62%) and with lecithin (~80%).*1 This enhancement in 
bioaccessibilit might be due to the solubization properties of Vitamin D, a 
cholesterol derived vitamin, whose octanol in water partition coefficient is lower 
(logKow=10.2) (91) than lutein’s (logKow= 14.8) (92). Although the higher 
bioaccessibility of lutein in controls could be construed as favorable, lutein 
without surfactant is very unstable and could oxidize easily. 
Emulsion-based systems with different particle composition, particle charge 
and interfacial characteristics can result in different behavior during simulated 
digestion (74). Work of Nik et al. (2011) indicated that lipid hydrolysis in 
oil-water emulsion had positive linear correlation with bioactive transfer. But for 
β-carotene, a lag phase was observed before a linear exchange, where 
approximately 55% lipolysis resulted in only 20% bioactive transfer. Such lag 
                                           
1 Rosales, E., personal communication 
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phase was not found for vitamin D3 (75). Another study indicated that lutein 
could bind to the proteins found in Adzuki beans, to casein, ovalbumin, and 
soybean 11S protein. This study focused mostly on the complex between lutein 
and ovalbumin, and showed that a high ratio of lutein to ovalbumin led to 
formation of red precipitates (85). The results in this study suggest that lutein 
and soy protein may have formed such complexes, preventing lutein transfer and 
interaction with lipase, bile salts and phospholipids in the digesta. Although not 
objectively measured, the author observed these orange to reddish precipitates 
in the samples containing soy protein. Thus, the binding of lutein and soy protein 
hydrolysates may account for the observed precipitated lutein, which explained 
to some extent the total amount of lutein recovered from the pellet and micellar 
phase. It is known that bioactives that do not transfer into the micellar phase will 
not be absorbed and thus excreted or used by colonic bacteria (56, 57). The effect 
of freeze drying on bioaccessibility will be discussed in Section 4.5. 
 
4.5 Freeze drying and resuspension 
 Soy nanoemulsion with oil (SEO) and soy nanoemulsion with ethanol (SEE) 
were freeze-dried and labeled SEOF and SEEF. The resuspension ability, UV 
stability and in vitro digestion were also tested in these samples.  
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(a) Left to right, SEO and SEE before freeze 
drying 
 
(b) Left to right, SEO and SEE after freeze 
drying (SEOF, SEEF) 
 
Figure 9. SEO and SEE samples before and after freeze drying. 
 
 
 
(a) SEOF at 500 μm scope 
 
 
(b) SEOF at 100 μm scope 
 
(c) SEEF at 500 μm scope  
 
(d) SEEF at 50 μm scope 
 
Figure 10. Scanning electron microscope (SEM) image of freeze dried soy 
nanoemulsion with oil (SEOF) and soy nanoemulsion with ethanol (SEEF). 
51 
Figure 9 (a) shows the original emulsion SEO and SEE before freeze drying, 
and Figure 9 (b) shows was part of the original SEO and SEE samples after freeze 
drying. Freeze dried SEO stayed at the same volume as before drying, but freeze 
dried SEE sample collapsed to the bottom. These samples were visually different, 
where the SEOF sample appearance resembled that of a fibrous sponge, whereas 
the SEEF sample looked more like a powder. As shown in Figure 10, (a) and (d), 
SEOF formed flakes that were larger than 500 μm, while SEEF had flakes only 
about 50 μm. Visible oil droplets could be seen at even 500 μm scope in SEOF 
sample in Figure 10, (a) and (b), but were not visible in SEEF sample at 50 um 
scope in Figure 10, (d). In addition, cracks were found on the surface of SEOF 
sample, and oil droplets were seen on the edge of these cracks.  
For resuspension of freeze dried samples, SEOF and SEEF, into same 
concentration as before drying, soy protein concentration was used as a 
reference in this determination. Results showed that to obtain 1 g of soy protein, 
about 2 g of SEOF sample and 1.8 g of SEEF were needed (Table 6). 
Both dried samples were able to evenly disperse into solution with DDI 
water after vigorous vortexing. However, SEOF took significantly longer time 
then SEEF to thoroughly dissolve in water (t-test, P<0.05). Average resuspension 
time of SEOF and SEEF was approximately 8.5 minutes and 1 minute, 
respectively (Table 6). 
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Table 6. Freeze dried samples resuspension time in DDI water. 
Sample Time (min) Sample : Soy Protein (w/w) 
SEOF 8.5 ± 2.8a 2.0 ± 0.1a 
SEEF 1.0 ± 0.3b 1.8 ± 0.2a 
Data are presented as means ± SD. Different superscripts in each column 
represent statistical differences (t-test, P<0.05). 
 
Both SEO and SEE were able to re-disperse in water by vortex, but the time 
to resuspend SEE freeze-dried particle was much shorter. In the SEM images, 
cracks were seen on the surface of freeze-dried soy nanoemulsion with canola oil 
sample (SEOF), and oil droplets were found on the edge of these cracks. Similar 
cracks and oil droplets were not found on freeze-dried soy ethanol 
nanoemulsion sample (SEEF). Previous studies have shown that the 
solidification of encapsulated oil may be able to break the nanocapsule in the 
process of freeze drying, causing the encapsulated bioactive to leak. To address 
this, it has been suggested to apply slow freezing and keep the product 
temperature above the oil solidification temperature (77, 78). In this study, the 
created nanoemulsions SEO and SEE were stored in -80 °C immediately after 
they were made, while the oil solidification temperature for canola oil is only 
-10 °C. It is possible that the nanocapsules created in this study underwent the 
same break and leak process. Since the content of oil was higher in SEO than SEE 
sample, more oil droplet were leaked in the SEOF sample, causing it harder to 
re-disperse than SEEF samples.  
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From the UV stability results presented in Section 4.3, it was found that both 
resuspended nanoemulsions SEOF and SEEF had lower lutein recovery than 
their original emulsions. This leakage of oil droplets out of the protein structure 
after the freeze drying process could explain why the resuspended SEOF and 
SEEF samples had poorer UV stability than their original, non-dried 
counterparts. 
The simulated digestion test of these dried and re-dispersed formulations 
showed vast differences in terms of bioaccessibility. Lutein dispersed in the 
freeze dried and re-dispersed soy protein nanoemulsion with oil (SEOF) had 
similar bioaccessibility than that of its non-dried counterpart (SEO); however, it 
showed lower lutein recovery in the pellet. This sample had a lower total 
recovery for lutein. Again, this is potentially explained by the leakage of oil and 
potentially of lutein out of the hydrophobic pocket, which instead led to either 
flocculation to the top layer or degradation due to in vitro digestion conditions. 
On the other hand, lutein dispersed in the freeze dried and re-dispersed soy 
protein nanoemulsion with ethanol (SEEF) had much higher bioaccessibility than 
that in the non-dried SEE formula and any of the other samples. In studies to 
prepare porous scaffolds, freeze drying was often used to remove solvent and 
retain a porous structure of the polymer (86). Similar effect may have happened 
in the SEEF sample, which contained 10% ethanol. The freeze drying process 
may have extracted the ethanol, leaving behind pores to relax the lutein-protein 
complex structure and making it easier to digest and facilitate its transfer into 
the micellar phase. More studies regarding the presence of ethanol in freeze 
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drying and its effect on bioaccessibility of lutein and other fat soluble bioactives 
is needed to verify this speculation. 
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CHAPTER 5 
CONCLUSIONS AND RECOMMENDATIONS FOR FUTURE STUDIES 
This study was conducted to test a potential strategy to encapsulate lutein 
with a pH and ultrasound-treated soy protein and create a nanoemulsion with 
higher UV stability and bioaccessibility. 
The pH and ultrasound treated soy protein was suitable to create a 
nanoemulsion with lutein. Two different nanoemulsions were successfully 
created with 0.054 mg/ml lutein encapsulated in 10 mg/ml of soluble soy 
protein which is treated with pH 12 and ultrasound. One nanoemulsion was 
made with 0.25% lutein containing oil (SEO) and homogenized with stirring bar 
and ultrasound for 5 minutes. Another nanoemulsion was with 0.027% lutein 
containing oil dissolved in ethanol (SEE) and then stirring into soy protein 
solution. Mean particle size of SEO and SEE were 125 and 99 nm. Further studies 
could be conducted to use different oil, soy protein or ethanol concentrations to 
find the maximum emulsifying ability of the pH and ultrasound treated soy 
protein. 
The soy protein in these nanoemulsions were able to protect lutein from UV 
degradation, in which SEE had better protective effect than SEO mostly due to 
the content of oil. After 3 hours UV-C exposure, SEE and SEO had 67% and 52% 
lutein retention while control with only lutein oil dissolved in ethanol had less 
than 5% lutein left. Lutein bioaccessibility did not improve in in SEO and SEE 
though. Lutein tended to precipitate in the pellet after simulated digestion. 
Although it is proposed that this precipitation is due to binding of lutein with 
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hydrophobic regions in soy protein, further studies are needed to determine this 
lead. 
Both nanoemulsions were freeze dried and were able to resuspend into 
solution with only water and vortex. SEEF was able to resuspend much easier 
than SEOF. The protective effect of resuspended nanoemulsions against UV 
exposure was a little worse than original nanoemulsions. However, resuspended 
SEEF had much higher bioaccessibility than its original emulsion and any control. 
It is proposed that ethanol conditions the microstructure to allow for a 
better release of lutein during micellarization under in vitro digestion. However, 
Further studies in animal models could be used to determine lutein 
bioavailability of both the liquid and the freeze dried sample. The effect of drying 
could also be tested, using different conditions such as slow freezing or spray 
drying. 
In this study, SEE and SEEF showed better stability and bioaccessibility, and 
were more cost efficient and easier to make. Therefore, similar nanoemulsions 
with different bioactives (i.e., carotenoids, curcumin and coenzyme Q) could be 
created using the same ethanol dissolving method followed by freeze drying to 
achieve similar functional advantages of this treated soy particles.  
In conclusion, the results of this study have tested and partially accepted the 
original hypothesis. First, the pH 12 and ultrasound treated Pro-Fam 955 soy 
protein is a suitable emulsifier for the creation of lutein containing nanoemulsion, 
and could become an effective emulsifier for the encapsulation of other 
bioactives. Second, the nanoemulsions created with pH 12 and ultrasound 
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treated soy protein presented an increased UV stability; however, the 
bioaccessibility of lutein dispersed in these protein nanoemulsions was not 
increased, except for the formulation with 10% ethanol after freeze drying. Of all 
samples evaluated, only the freeze dried soy nanoemulsion created by mixing 
lutein dissolved in ethanol and stirring with soluble soy protein was the most 
promising treatment and its optimization could result in a feasible strategy for 
emulsification of fat soluble compounds at a larger scale. The freeze dried soy 
protein nanoemulsion could be a suitable emulsifier to disperse fat soluble 
compounds into both aqueous and solid food. Because of the improved stability 
and bioaccessibility, less amount of material would be needed to add into food, 
thus would not only reduce cost, but also have less effect on color and flavor.  
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APPENDIX A 
Particle size distribution of each sample is shown in a histogram.2 
 
Figure A1. SEO sample: containing soluble SPI and canola oil (0.25%) and treated 
with a second ultrasound (probe). 
 
 
Figure A2. SEOF sample: SEO sample after freeze drying and resuspended to 
similar protein concentration.  
                                           
2 In each figure, the unit for x-axis is nm; the unit for y-axis is percentage  
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Figure A3. SEE sample: containing soluble SPI and no canola oil; lutein delivered 
in ethanol and dispersed with no use of a second ultrasound (probe). 
 
 
Figure A4. SEEF sample: SEE sample after freeze drying and resuspended to 
similar protein concentration. 
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Figure A5. LC sample: containing no soluble SPI and 0.25% canola oil; lutein 
delivered in oil and dispersed with the use of lecithin and ultrasound (water 
bath). 
 
 
Figure A6. WUC sample: containing no soluble SPI and 0.25% canola oil; lutein 
delivered in oil and dispersed with the use ultrasound (probe). 
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Figure A7. WECO sample: containing no soluble SPI and 0.25% canola oil; lutein 
delivered in ethanol and dispersed with the use of stirring bar. 
 
 
Figure A8. WECNO sample: containing no soluble SPI and no canola oil; lutein 
delivered in ethanol and dispersed with the use of stirring bar. 
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APPENDIX B 
Bleaching effect of UV light exposure 
In a preliminary study, a soy nanoemulsion was created with 0.25% canola 
oil, 0.027% safflower oil, 0.054 mg/ml lutein and 16 mg/ml soluble soy protein 
isolate. A control was created with 0.027% safflower oil and 0.054 mg/ml lutein 
dispersed in DDI water. This nanoemulsion and control were exposed to UV-C 
light following the same method described in section 3.2. The color (L, a, b value) 
of each sample before and after 0, 10, 30, 60 and 180 min UV-C light exposure 
was measure using a colorimeter (LabScan XE, HunterLab, Reston, VA, USA). The 
results are shown as follow. 
Table B1. Color changes in nanoemulsion and control samples after several 
periods of UV-C exposure. 
 
Sample 
L value 
0 min 10 min 30 min 60 min 180 min 
Nanoemulsion 35.7 35.6 35.5 35.4 35.3 
Control 15.2 14.9 15.9 17.2 21.6 
 
Sample 
a value 
0 min 10 min 30 min 60 min 180 min 
Nanoemulsion -0.8 -0.6 -0.6 -0.7 -0.8 
Control -0.3 -0.4 -0.5 -0.8 -1.3 
 
Sample 
b value 
0 min 10 min 30 min 60 min 180 min 
Nanoemulsion 0.4 0.6 0.8 0.9 0.9 
Control -4.4 -4.6 -4.2 -4.0 -2.7 
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Figure B1. Changes in color in the control sample after 10, 30, 60 and 180 min of 
UV-C exposure. 
 
 
 
